Introduction
============

Epithelial hyperproliferation, increased angiogenesis and inflammation are biological processes associated with the pathogenesis of corneal disease, and are the primary cause of bilateral blindness worldwide ([@b1-mmr-15-01-0139],[@b2-mmr-15-01-0139]). In addition, a number of other disease conditions may arise as a result of abnormal epithelial cell proliferation, inflammation and angiogenesis, such as tumorigenesis and chronic inflammatory disorders ([@b3-mmr-15-01-0139],[@b4-mmr-15-01-0139]). As a result, investigating the molecular mechanisms underlying these conditions is of critical importance.

Dstn^corn1^ mice are homozygous for a spontaneous null actin depolymerizing factor destrin (DSTN) allele, which results in an increase in serum response factor (Srf) expression. This increase in Srf production may lead to corneal abnormalities, including epithelial hyperproliferation, neovascularization and inflammation in the cornea ([@b5-mmr-15-01-0139]). Based on these characteristics, Dstn^corn1^ mice often serve as suitable *in vivo* models for the investigation of corneal diseases ([@b6-mmr-15-01-0139]). Verdoni *et al* ([@b1-mmr-15-01-0139]) demonstrated that conditional *Srf* knockout in the corneal epithelium of Dstn^corn1^ mice rescues epithelial cell hyperproliferation, neovascularization and inflammatory phenotypes. In addition, previous studies have demonstrated that vascular endothelial growth factor receptor 1 (VEGFR1) was downregulated in Dstn^corn1^ mice ([@b7-mmr-15-01-0139]) and that conditional *Srf* knockout Dstn^corn1^ mice displayed increased levels of VEGFR1 ([@b1-mmr-15-01-0139]). The genome-wide screening of differentially expressed genes (DEGs) in the corneas of Dstn^corn1^ mice has revealed that a large proportion of upregulated DEGs are targets of Srf ([@b8-mmr-15-01-0139]). Additionally, another study by Verdoni *et al* ([@b9-mmr-15-01-0139]) indicated that the B-cell receptor signaling pathway served an important role in the phenotype of Dstn^corn1^ mice. Although a considerable number of studies have focused on understanding the molecular mechanisms of the Dstn^corn1^ phenotype, the development of various abnormalities remains unclear.

Kawakami-Schulz *et al* ([@b5-mmr-15-01-0139]) identified the gene networks that were affected by the increased expression of *Srf* in Dstn^corn1^ mouse corneas. The expression profiling array GSE49688, which was provided by Kawakami-Schulz *et al* ([@b5-mmr-15-01-0139]), was downloaded for analysis in the present study. The aim of the present study was to identify DEGs and perform signaling pathway analysis among three types of mice included in the GSE49688 array using various bioinformatics tools. The results may provide an important theoretical foundation for understanding the role of Srf in normal and abnormal corneal tissue homeostasis.

Materials and methods
=====================

### Affymetrix microarray data

Data from the expression profiling array GSE49688 ([@b5-mmr-15-01-0139]) were downloaded from the Gene Expression Omnibus database (<http://www.ncbi.nlm.nih.gov/geo/>). This dataset is based on the GPL16570 MoGene-2_0-st Affymetrix Mouse Gene 2.0 ST Array \[transcript (gene) version\] platform (Affymetrix, Inc., Santa Clara, CA, USA). In total, 9 samples are included in the datasets, with 3 samples each from the following groups: i) Wild-type (WT) mice; ii) a Dstn^corn1^ mutant mouse model of corneal disease; and iii) Dstn^corn1^ mutant mice following the conditional ablation of *Srf* from the corneal epithelium \[namely the rescued (res) group\].

### Data preprocessing and differential expression analysis

The expression profiling probes were first annotated through annotation files. Subsequently, gene symbols were identified from annotation files, with the use of editing codes. Next, expression profiling of gene symbols was performed by Z-score normalization, as previously described ([@b10-mmr-15-01-0139]). The linear models for microarray data (limma) version 3.28.17 ([@b11-mmr-15-01-0139]) in R-software package ([www.r-project.org](www.r-project.org)) were applied to identify the DEGs among the three mouse groups. The log~2~-fold change (log~2~FC) and the false discovery rate (FDR) ([@b12-mmr-15-01-0139]) were calculated. Genes with log~2~FC\>1 and an FDR \<0.05 were considered to be DEGs and were used for subsequent analysis.

### Dynamic comparison and hierarchical cluster analyses of DEGs

In order to verify that the three mouse groups represented three distinct states and examine their correlation at a molecular level, dynamic comparisons and unsupervised clustering analyses of DEGs were performed for the 9 samples in the GSE49688 array. DEGs between two mouse groups were determined at a time, thus obtaining three DEG groups, namely the corn1 vs. WT, res vs. corn1 and res vs. WT groups. The common DEGs among the three groups were then clustered hierarchically ([@b13-mmr-15-01-0139]) and visualized using the TreeView program ([jtreeview.sourceforge.net/](jtreeview.sourceforge.net/)) ([@b14-mmr-15-01-0139]), and genes and samples were normalized using the median center method ([@b15-mmr-15-01-0139]). The similarity matrix used the correlation-centered metric ([@b16-mmr-15-01-0139]).

### Pathway enrichment analysis

The Kyoto Encyclopedia of Genes and Genomes (KEGG; [www.genome.ad.jp/kegg/](www.genome.ad.jp/kegg/)) ([@b17-mmr-15-01-0139]) knowledge database is a collection of online databases of genomes, enzymatic pathways and biological chemicals. In the present study, KEGG pathway enrichment analysis for the three groups of DEGs was performed. In addition, their association based on function was determined using the Database for Annotation, Visualization and Integrated Discovery (DAVID; <http://david.abcc.ncifcrf.gov>) gene classification tool ([@b18-mmr-15-01-0139]). P\<0.05 was established as the threshold for the hypergeometric test.

### Pathway alteration score

Quantitative scoring was performed for the potential pathways based on genes enriched in the pathway. The Euclidean distance quantitative method was used to calculate the dynamic metergasis of pathways in the corn1 and res phenotypes compared with the WT phenotype ([@b19-mmr-15-01-0139]). The pathway alteration score was calculated using the following formula:
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where A(P) is the alteration score of the pathway, N is the number of DEGs, Xgene is the expression value of gene in the corn1 or res phenotypes and Ygene is the expression value of gene in the WT phenotype group. The higher the score, the clearer the alteration degree of pathway from WT phenotype.

Results
=======

### Identification of DEGs

A pairwise comparison of genes from the WT, corn1 and res sample groups was performed in order to identify the DEGs between groups. As presented in [Fig. 1A](#f1-mmr-15-01-0139){ref-type="fig"}, a total of 1,365 DEGs were identified between the corn1 and WT sample groups, including 867 upregulated and 498 downregulated DEGs. Between the corn1 and res sample groups, 788 DEGs were identified, including 345 upregulated and 443 downregulated DEGs ([Fig. 1B](#f1-mmr-15-01-0139){ref-type="fig"}). A total of 852 DEGs were identified between the res and WT sample groups, including 593 upregulated and 259 downregulated DEGs ([Fig. 1C](#f1-mmr-15-01-0139){ref-type="fig"}).

### Dynamic comparison and hierarchical cluster analysis of DEGs

Dynamic comparison analysis of DEGs among sample groups revealed that the number of DEGs between corn1 and WT was the greatest (n=1,365). Among these, 826 genes overlapped with DEGs identified in the res vs. WT group, 763 genes overlapped with DEGs identified in the res vs. corn1 group, whereas only 6 genes were specific to the corn1 vs. WT group ([Fig. 2](#f2-mmr-15-01-0139){ref-type="fig"}). In addition, 228 common genes were differentially expressed across all three groups ([Fig. 2](#f2-mmr-15-01-0139){ref-type="fig"}). These results reflected the differences in expression between the three sample groups, with the res phenotype representing the transition state between WT and corn1 groups.

Hierarchical cluster analysis results are shown in [Fig. 3](#f3-mmr-15-01-0139){ref-type="fig"}. The cluster analysis demonstrated that the three groups exhibited distinct gene expression patterns, and confirmed that the res phenotype represented a transition state between WT and corn1 groups.

### KEGG pathway enrichment analysis

The KEGG signaling pathways enriched by the upregulated and downregulated DEGs are shown in [Table I](#tI-mmr-15-01-0139){ref-type="table"}. In the corn1 vs. WT and the res vs. WT groups, the upregulated DEGs were mainly enriched in the cytokine-cytokine receptor interaction and cell adhesion molecule signaling pathways, while the downregulated DEGs were mainly enriched in signaling pathways associated with cellular metabolism. Upregulated DEGs in the res vs. corn1 group were enriched in the retinol metabolism pathway, while downregulated DEGs were primarily enriched in the regulation of actin cytoskeleton (cofilin1 (*CFL1*) and *CFL2*) and mitogen-activated protein kinase (MAPK) signaling pathways. In addition, the 228 overlapping DEGs among the three groups were mainly enriched in the focal adhesion, MAPK and regulation of actin cytoskeleton signaling pathways.

### Pathway alteration score

The pathway alteration scores of the WT, corn1 and res groups are shown in [Fig. 4](#f4-mmr-15-01-0139){ref-type="fig"}, and the 10 most altered pathways among the three groups are shown in [Table II](#tII-mmr-15-01-0139){ref-type="table"}. Distance scores in [Table II](#tII-mmr-15-01-0139){ref-type="table"} indicate the degree of deviation between corn1 or res groups from the WT group that is the absolute difference value between the corn and res scores. WT group served as a reference, and a high score indicated a greater degree of alteration, whereas a low score indicated that corn1 or res group mice were closer to the WT state. The pathways associated with the cardiovascular system, glycometabolism and the inflammatory response exhibited high pathway alteration scores. Of these, the dilated cardiomyopathy signaling pathway demonstrated the greatest score, and was enriched by particular DEGs, including integrin beta 6 (*ITGB6*).

Discussion
==========

Srf activation has been reported to be involved in angiogenesis, the maintenance of cell hyperproliferation, inflammation and F-actin accumulation in Dstn^corn1^ mice ([@b20-mmr-15-01-0139]). Notably, Srf is known to be involved in the pathogenesis of multiple types of cancer, including hepatocellular and colorectal cancer, demonstrating its potential as a disease-causing factor ([@b21-mmr-15-01-0139],[@b22-mmr-15-01-0139]). In the present study, 228 common genes were differentially expressed in the three groups (WT, corn1 and res), and were mainly enriched in the focal adhesion, MAPK and regulation of actin cytoskeleton signaling pathways. In addition, pathways associated with the cardiovascular system, glycometabolism and the inflammatory response displayed high pathway alteration scores. These results may improve our understanding of the role of Srf in normal and abnormal corneal tissue homeostasis.

In the present study, the actin cytoskeleton pathway was demonstrated to be a significant pathway. In addition, overlapping DEGs in all three groups were enriched for this pathway. The actin cytoskeleton is essential for the maintenance of cell morphology and mechanical support, as well as for the regulation of diverse processes, including apoptosis, cell adhesion, cell migration and phagocytosis ([@b23-mmr-15-01-0139]). Furthermore, the actin cytoskeleton is a critical barrier between the external environment of surrounding cells and the internal cell signaling pathways, which ultimately affects gene expression regulation ([@b5-mmr-15-01-0139]). Ikeda *et al* ([@b24-mmr-15-01-0139]) suggested that the appropriate regulation of actin dynamics is necessary for the normal maintenance of the corneal epithelium, and aberrant regulation of the actin cytoskeleton leads to epithelial cell proliferation. Notably, Srf is an essential regulator of the actin cytoskeleton, and Srf target genes are known to be regulated by dynamic changes in the actin cytoskeleton ([@b8-mmr-15-01-0139],[@b25-mmr-15-01-0139]). Thus, mutant Srf-mediated regulation of the actin cytoskeleton pathway may serve an important role in the development of corneal disease in Dstn^corn1^ mutant mice.

Previous studies have demonstrated that proteins encoded by particular Srf target genes, such as *CFL1* and *CFL2*, serve key roles in actin treadmilling ([@b26-mmr-15-01-0139],[@b27-mmr-15-01-0139]). In the present study, *CFL1* was enriched in the actin cytoskeleton regulatory pathway. CFL1 is a member of the actin depolymerizing factor/CFL family and is a primary regulator of actin dynamics ([@b28-mmr-15-01-0139]). It is ubiquitously expressed and is crucial for efficient actin depolymerization ([@b29-mmr-15-01-0139]). Notably, Ikeda *et al* ([@b24-mmr-15-01-0139]) demonstrated that CFL1 and DSTN have common functions; however, compensatory mechanisms following functional loss of one actin depolymerizing factor are insufficient to restore normal actin dynamics in the cornea. Therefore, despite observing an upregulation of *CFL1* in the res group compared with the corn1 group in the present study, CFL1 may have been unable to completely regulate actin filament dynamics and compensate for the loss of DSTN.

Cell hyperproliferation, angiogenesis and inflammation are biological processes involved in the pathogenesis of corneal disease, as well as in chronic inflammatory disorders and tumorigenesis ([@b3-mmr-15-01-0139],[@b4-mmr-15-01-0139]). Therefore, it is possible that signaling pathways associated with cancer may be involved in the progression of corneal disease in Dstn^corn1^ mutant mice. For instance, the MAPK signaling pathway was significant in the current study. Signaling to Srf occurs principally through the MAPK signaling pathway, which stimulates the expression of cell growth-promoting genes that encode proteins responsible for directly activating genes involved in cell cycle progression and growth factors ([@b30-mmr-15-01-0139],[@b31-mmr-15-01-0139]). Cell cycle regulation is known to be critical for the normal proliferation and development of multicellular organisms ([@b32-mmr-15-01-0139]). The MAPK pathway is frequently activated in human cancer, which can lead to a malignant phenotype through increased cell proliferation ([@b33-mmr-15-01-0139]). In the present study, the MAPK signaling pathway was enriched by particular downregulated DEGs in the res sample group, which indicates that *Srf* knockout may have affected the function of this pathway. In addition, pathway alteration analysis demonstrated that the dilated cardiomyopathy signaling pathway exhibited the highest score, and *ITGB6* was revealed to be enriched in this pathway.

Integrins, consisting of α and β subunits, are a family of cell surface receptors that mediate cell-to-cell adhesion ([@b34-mmr-15-01-0139],[@b35-mmr-15-01-0139]). Notably, integrins have been reported to contribute to cell proliferation, apoptosis and the regulation of gene expression, and have been suggested to serve important roles in inflammation and tumorigenesis ([@b34-mmr-15-01-0139],[@b36-mmr-15-01-0139]). In the present study, *ITGB6* was observed to be downregulated in the res group compared with the corn1 group, which indicated that *ITGB6* may be targeted by Srf. ITGB6 is expressed specifically in epithelial cells ([@b34-mmr-15-01-0139]); thus, epithelial hyperproliferation in the Dstn^corn1^ mice may be induced by upregulation of *ITGB6*. Ultimately, the dilated cardiomyopathy signaling pathway and *ITGB6* may serve important roles in the process of epithelial hyperproliferation and inflammation in the corneas of Dstn^corn1^ mice.

In conclusion, the results of the present study provide a comprehensive bioinformatics analysis of DEGs and signaling pathways involved in the dynamic process of Dstn^corn1^ mice returning to a WT-like state following the conditional ablation of *Srf* from the corneal epithelium. The actin cytoskeleton, MAPK and dilated cardiomyopathy signaling pathways, as well as *CFL1* and *ITGB6* DEGs, may be regulated by Srf to serve important roles in corneal disease progression. These results may increase our understanding on the role of Srf in corneal disease tissues. However, further genetic and experimental studies with larger sample sizes are required to confirm the results of the present study, and to identify therapeutic targets for the treatment of corneal diseases.
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###### 

KEGG pathway enrichment analysis showing the identified DEGs among the various mouse groups.

  KEGG term                                                  Count^[a](#tfn1-mmr-15-01-0139){ref-type="table-fn"}^   P-value
  ---------------------------------------------------------- ------------------------------------------------------- --------------
  Corn1 vs. WT                                                                                                       
    mmu04060: Cytokine-cytokine receptor interaction         47                                                      9.47×10^−17^
    mmu04514: CAMs                                           21                                                      3.32×10^−5^
    mmu04670: Leukocyte transendothelial migration           18                                                      3.84×10^−5^
    mmu04062: Chemokine signaling pathway                    23                                                      4.15×10^−5^
    mmu05322: Systemic lupus erythematosus                   16                                                      8.80×10^−5^
  Res vs. WT                                                                                                         
    mmu04060: Cytokine-cytokine receptor interaction         41                                                      1.17×10^−17^
    mmu04640: Hematopoietic cell lineage                     14                                                      4.05×10^−6^
    mmu04670: Leukocyte transendothelial migration           16                                                      1.00×10^−5^
    mmu04062: Chemokine signaling pathway                    19                                                      3.89×10^−5^
    mmu04514: CAMs                                           17                                                      5.86×10^−5^
  Res vs. corn1                                                                                                      
    mmu00830: Retinol metabolism                             4                                                       4.62×10^−2^
                                                                                                                     
  B, Downregulated DEGs                                                                                              
                                                                                                                     
  Corn1 vs. WT                                                                                                       
    mmu00830: Retinol metabolism                             8                                                       1.71×10^−4^
    mmu00982: Drug metabolism                                7                                                       1.93×10^−3^
    mmu00980: Metabolism of xenobiotics by cytochrome P450   6                                                       5.85×10^−3^
    mmu04710: Circadian rhythm                               3                                                       2.11×10^−2^
    mmu00071: Fatty acid metabolism                          4                                                       4.41×10^−2^
  Res vs. WT                                                                                                         
    mmu00830: Retinol metabolism                             5                                                       5.03×10^−3^
    mmu00982: Drug metabolism                                5                                                       7.12×10^−3^
    mmu04710: Circadian rhythm                               3                                                       7.54×10^−3^
    mmu00980: Metabolism of xenobiotics by cytochrome P450   4                                                       2.99×10^−2^
  Res vs. corn1                                                                                                      
    mmu04810: Regulation of actin cytoskeleton               16                                                      1.43×10^−4^
    mmu04510: Focal adhesion                                 13                                                      2.14×10^−3^
    mmu04010: MAPK signaling pathway                         14                                                      8.59×10^−3^
    mmu04270: Vascular smooth muscle contraction             8                                                       2.17×10^−2^
    mmu00052: Galactose metabolism                           4                                                       2.42×10^−2^
                                                                                                                     
  C, Overlapping DEGs (n=228)                                                                                        
                                                                                                                     
  mmu04510: Focal adhesion                                   8                                                       1.64×10^−2^
  mmu04010: MAPK signaling pathway                           8                                                       2.38×10^−2^
  mmu04810: Regulation of actin cytoskeleton                 7                                                       3.01×10^−2^

Count is the number of DEGs associated with each term. KEGG, Kyoto Encyclopedia of Genes and Genomes; DEG, differentially expressed gene; WT, wild-type; corn1, Dstn^corn1^ mutant mice; res, serum response factor knockout in Dstn^corn1^ mutant mice; Dstn, destrin; CAMs, cell adhesion molecules; MAPK, mitogen-activated protein kinase.

###### 

Pathway alteration scores for the deviation of corn1 and res groups from the WT group.

  Pathway                              Corn1   Res     Distance^[a](#tfn2-mmr-15-01-0139){ref-type="table-fn"}^
  ------------------------------------ ------- ------- ----------------------------------------------------------
  Dilated cardiomyopathy               −0.1    −0.53   0.43
  Vascular smooth muscle contraction   −0.32   −0.73   0.41
  Fructose and mannose metabolism      0.05    −0.31   0.36
  Galactose metabolism                 0.05    −0.31   0.36
  MAPK signaling pathway               −0.24   −0.59   0.35
  Regulation of actin cytoskeleton     −0.36   −0.67   0.31
  Arachidonic acid metabolism          0       −0.26   0.26
  Systemic lupus erythematosus         −0.57   −0.82   0.25
  Fatty acid metabolism                0.05    −0.2    0.25
  Focal adhesion                       −0.34   −0.58   0.24

Distance is the absolute difference value between the corn and res scores, with a higher value indicating a more altered pathway compared with WT. DEG, differentially expressed gene; WT, wild-type; corn1, Dstn^corn1^ mutant mice; res, serum response factor knockout in Dstn^corn1^ mutant mice; Dstn, destrin; MAPK, mitogen-activated protein kinase.
